Polyethyleneterephtalate-polypyrrole (PET-PPy) textile complexes incorporating different anionic dopants have been heat treated at 60 ºC, 80 ºC, 105 ºC, 125 ºC and 150 ºC to investigate annealing effects. In most cases heat treatments below 80 ºC did not significantly change the final resistance of the conducting textiles. Only the anionic dye-dopant Indigo Carmine acted in a heat-stabilizing manner during treatment at 150ºC, while all samples containing other anionic dopant underwent some degradation. A treatment temperature of 125 ºC was the most effective for lowering the final resistance by so-called annealing, with sulphonic group containing dopants being particularly responsive. A 29% decrease in the final resistance of a PETPPy/para-toluene-2-sulphonic acid (pTSA) sample was achievable after 900 s at 125 ºC.
Introduction
It has been suggested that highly conducting polypyrrole (PPy) has a structure that contains areas of crystalline 'islands' in a sea of amorphous lessconducting materials [1, 2] . The total amount of crystalline regions of PPy may vary from being infinitely small to reasonably high depending on the synthesis conditions. The structural order, doping and aging will affect the transport properties hence the conductivity of the conducting polymer.
Experimental and theoretical evidence show that in PPy spinless bipolarons dominate the transport through hopping [3, 4, 5, 6] . If the highly conducting islands are great in number and close to one another, conduction via tunnelling might occur [2, 7] . Heat treatment at elevated temperatures (>50 ºC) of these materials may supply sufficient energy to cause growth of the crystalline areas and hence improve conductivity of the material [2, 8] .
The enhancement of conductivity upon heat treatment is referred to as annealing. The positive influence of annealing on the conductivity of PPy samples has been previously investigated [9, 10, 11, 12, 13, 14, 15, 16, 17, 18] . It has been reported that the glass transition temperature (T g ) of PPy is located around 55-155 ºC and varies with the choice of dopant [9, 10, 15 ] . An increase of temperature is also equivalent to an acceleration of physical transformations in most polymeric materials. The degradation of conductivity in the conducting polymers may therefore also be promoted by increasing the temperature.
This study evaluates the effect of short-term heat treatment at different elevated temperatures on resistance of PPy-coated conducting textiles made with different dopants. The aim is to evaluate the possibility of achieving an annealing effect in PPy coated textiles with a view to decrease the resistance by using short-term heat treatments.
Thermal treatment tests performed here entail in-situ measurements of resistance change in PPy coated polyethyleneterephtalate (PET) textiles as they are heated to 60 ºC, 80 ºC, 105 ºC, 125 ºC or 150 ºC and kept at these temperatures for 900 seconds. The exposure time of the conducting polymers to the elevated temperatures will determine whether the onset of degradation will occur. Relatively short exposure times to elevated temperatures are used here with a total of less than100 minutes at temperatures above 60ºC during heating and holding at set temperature. These may not be sufficient for significant degradation to occur. The final resistance after thermal treatment is compared to the initial resistance and expressed as a percentage value.
The results from this work will create an opportunity to compare the stability of different PPy-dopant systems and give an indication of which dopants may cause an increase or a decrease in the resistance after heat treatment. Also, it is desirable to find an optimal annealing temperature for the respective dopants to achieve a substantial reduction in the resistance of the samples and at the same time to avoid degradation.
The mechanism and kinetics of degradation of PPy have been discussed at length by several researchers [4, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29] .
Researchers have also reported on the variability in degradation rates based on the dopant used [11, 12, 13, 17, 30, 31, 32] . Due to the short duration of the annealing tests performed in this work, an in-depth discussion of the degradation kinetics of the PPy has been omitted. Table 1 .
Experimental
After synthesis and drying, the samples were stored at 20 ºC at 65% RH. All product complexes on PET fabrics are referred to as PPy-dopant abbreviation; e.g. polypyrrole doped with para-toluene sulphonic acid on PET becomes PPypTSA, polypyrrole doped with Nuclear Fast Red is PPy-NFR and so on. 
Thermal annealing tests
All thermal treatment tests were carried out in a FED 115 laboratory oven (Binder). To accurately measure the resistance of the conducting textiles, in isolation from heat transfer effects, a toroid shaped ceramic material was used to keep the fabric sample situated in mid-air as shown in Fig. 1 . The metallic clamps, ensuring good contact thus repeatable results, were connected to a 189
True-RMS Multimeter (Fluke Corporation) with data logging software. The parts of the connecting cables located inside the oven were protected with a heat-resistant polymer. The coated textile samples tested were 30 mm wide and the distance between the connection points was fixed at 20 mm. was started a few minutes prior to the oven being turned on.
ii. The oven was turned on. A gradual increase of the temperature was observed up to the set thermal treatment temperature (i.e. 60 ºC, 80 ºC, 105 ºC, 125 ºC or 150ºC).
iii. When the thermal treatment temperature was reached, the sample was held at this temperature for 900 seconds. iv. The experimental rig was removed from the oven and allowed to cool to room temperature. Data logging was discontinued when resistance stabilized at room temperature.
Heating the samples from room temperature to pre-set treatment temperatures, maintaining at thermal treatment temperature for 900 seconds, removing from oven and cooling back to room temperature -is referred to as a 'complete thermal treatment cycle'.
Results and Discussion
The coating of PPy on PET fabrics results in a smooth film on each fiber (Fig.2) . Deposits of bulk polymerized PPy particles on the fiber surface can be seen in Fig.2 . The morphology of the coating is not significantly different when different dopants are used. A typical change in the resistance that the textiles exhibited during a complete thermal treatment cycle to 150 ºC is shown in Fig. 3 The initial decrease in the resistance of the PPy with an increase in temperature has been reported by many research groups [13, 19, 20, 21, 23, 31, 34, 35, 36, 37, 38, 39, 40, 41, 42] . In contrast to metals, conductivity of conducting polymers increases with temperature, similar to amorphous semiconductors. This is a result of the improved mobility of charge carriers in the conducting polymer with temperature increase [40, 43, 44] .
Conformational defects in the conducting polymer commonly act as traps for charge carriers in the materials [44] . As they are annihilated upon temperature increase the mobility of the polymer chains increases and the charges may be transported over longer distances in the material. Vaporisation of residual water in the PPy at temperatures around 100 ºC has been suggested to further improve conductivity [45] . Kuhn and Child reported a 10% improvement of conductivity in PPy coated polyester fabrics as they were heated to 100 ºC and cooled to 25 ºC [43] . Ramelow et al reported that a significant conductivity increase was obtained as a result of annealing at 45 ºC and subsequent cooling to room temperature. The resulting conductivity was stable over long periods of time [46] . However, at sufficiently high temperatures the surface resistivity started to increase, indicative of the onset of degradation of the conductivity in the conducting polymer [38] .
The final value of resistance after one complete thermal treatment cycle is sometimes lower than the initial resistance value (ΔR<0). This shows that the so called annealing, i.e. an improvement of the conductivity, in the sample has been achieved. If on the other hand the final value of resistance is higher than the initial one (ΔR>0), this is a sign of degradation occurring in the sample. The increase or decrease in resistance after completing the thermal treatment cycle depends on the maximum temperature as well as the dopant used in the experiment. Fig. 5 shows the in-situ resistivity change in the conducting PPy-NaI as it went through the thermal treatment cycle at the five different temperatures. As the temperature increased, the resistance values dropped significantly to values that were 50% to 89% lower than the initial values. At the end of the complete cycle, the samples treated at 60 ºC to 125 ºC had between 6% and 28% lower resistance values compared with the initial values. The sample that was heated to 105 ºC had the lowest final resistance value of 28.44% lower than initial value. On the other hand, the sample that was heated to 150 ºC showed significant degradation, since an increase in resistance of 135% compared with the initial value was observed. A closer look at the behaviour when the PPy-NaI samples were kept at the different temperatures in the oven shows that the resistance of samples heated to 60 ºC and 80 ºC display a continuous decrease (Fig. 6 ) whereas the samples that were heated to 105 ºC, 125 ºC and 150 ºC show an increase in resistance when held at these temperatures.
The resistance increase upon removing the samples from the heat treatment at 150 ºC is significant in the samples doped with the different anionic dyes as well as the sample doped with the small inorganic anion NaI (Fig. 7) . The resistance increase relative to the one at the instant when the samples were removed from the oven is over 800% for PPy-IC and PPy-NaI. The resistance increase for the samples doped with DBSA, pTSA and AQSA are the three lowest (all less than 100% increase), which may be attributed to the preserving effect of sulphonic groups in these anions. The ability of dopants that contain one or more sulphonic groups to stabilise or preserve the conductivity of PPy has been reported previously [14, 15, 17, 30, 42, 46, 47] . The thermal treatment of the PET fabrics at 105 ºC caused buckling and flaking in the coating (Fig. 8) . However, the base fiber was not yet affected at this temperature and it appeared smooth. As the treatment temperature was increased to 150 ºC, further damage in the PPy coating and some melting of the substrate fiber were noticeable (Fig. 9) . The flaking and buckling of the coating depends on various factors such as the surface morphology of the fibre, affinity between the PPy-dopant and the fibre molecules and the mechanical properties of the fibre and the conducting polymer and their compatibility. The values of maximum resistance change during thermal treatment, as well as after completion of the thermal treatment cycle, can be found in Table 2 for all the samples tested. The values of resistance change are expressed as a percentage compared with the initial resistance. A negative percentage indicates that heat stabilization has occurred. This suggests that the dopant had a heat stabilizing effect on the polymer, while positive values indicate that thermal degradation has been initiated. Table 2 . Initial resistance (R), maximum percentage resistance decrease of PPy-dopant coated PET during heating and percentage resistance change after the complete thermal treatment cycle relative to initial resistance, and suggested annealing temperatures.
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Maximum Oxygen has been suggested as the main contributor to degradation of PPy since aging in an inert atmosphere did not initiate any degeneration of conductivity even at high temperatures [19, 21, 34, 35, 41] .
Conclusion
Thermal treatments of PPy coated polyester (PET) textiles were performed. The samples were heated from room temperature, to elevated temperature of 60 ºC, 80 ºC, 105 ºC, 125 ºC or 150 ºC, held at these temperatures for 900 seconds and then removed from the oven and cooled to room temperature. Initially, the resistance decreased with increase in temperature, followed by an increase while maintaining the samples at the higher temperatures for 900 seconds. Upon interruption of the thermal treatment, the resistance increased in all samples and stabilized either below or above the initial resistance. The final resistance was highly dependent on the dopant incorporated and the temperature at which the sample was treated.
Thermal treatment at 80 ºC or less did not cause any significant change in the resistance. When PPy was treated at temperatures above 100 ºC, the final resistance was sometimes lower than the initial. Thermal treatment at 125 ºC was the most effective in terms of lowering of the final resistance by so-called annealing. The dopants containing a sulphonic group were particularly responsive to annealing at this temperature. Heat treatment at 150 ºC caused a significant increase in resistance in most samples. The dye-dopant Indigo Carmine was the only dopant that acted in a thermo stabilizing manner at all temperatures investigated. The Indigo Carmine however had high initial and final resistance. The rate of degradation was also observed to be dependant on the dopant concentration with highly doped PPy exhibiting better stability than lightly doped samples..
